The ability of chiral media to differentiate circularly polarized light is conventionally characterized by circular dichroism (CD) which is based on the difference in the absorption of the incident light for different polarizations. Thus, CD probes the bulk properties of chiral media. Here, we introduce a new approach termed as circular phase-dichroism that is based on the surface properties and is defined as the difference of the reflection phase for different circularly polarized incident lights in characterizing chiral media. As a demonstration, we measure the reflection phase from planar chiral sawtooth metasurface for circularly polarized light in the visible range using a simple Fabry Perot interference technique. The measured circular phase-dichroism is also crosschecked by conventional CD measurement of the transmitted light and by full-wave simulations. Our results demonstrate the potential applications of circular phase-dichroism in sensing and metasurface characterizations.
Introduction
Metamaterials are man-made structures with sizes much smaller than the wavelengths of interest [1] [2] [3] . Novel properties such as negative refraction [4, 5] , superlens [6] , and cloaking [7] that are not feasible using natural materials can be realized because of the structural effects of metamaterials. Due to the advances in nanotechnologies, metamaterials can now be fabricated to achieve the above properties towards optical frequencies [8] [9] [10] . On the other hand, two-dimensional (2D) metasurface, being a subset of metamaterials, has high potential for device applications such as beam deflectors [11, 12] , metalenses [13] , optical vortex plates [14, 15] , cloaking surfaces [16] , metaholograms [17, 18] , etc. due to its simplicity in fabrication and large-scale production, and thus has drawn much interest recently. Recent review articles on metasurfaces summarize well the fundamentals and potential applications of metasurfaces [19] [20] [21] [22] .
Ordinary materials are not sensitive to the handedness of incident light and thus they are labeled as achiral. On the contrary, chiral materials exhibit novel optical activities such that the handedness of incident light can be modified or transformed [23, 24] . Optical devices made of natural chiral materials have weak optical activities and thus they are usually very bulky in order to achieve noticeable chiral effects. This drawback is circumvented by the use of micro/nanometer-thick chiral metasurfaces in which large optical activities (polarization rotation and circular dichroism) are possible [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Chiral property is conventionally characterized, other than the polarization rotation, by the circular dichroism (CD) defined as the difference in the absorption/transmission of different circularly polarized, left-and right-handed, incident light [23, 24] . However, as CD probes the bulk properties of the chiral materials, the CD signal thus depends on the sample size. This size dependence could reduce its sensitivity for highly absorptive materials, e.g. metals, in the visible range. Moreover, current metasurfaces are mostly metallic based. Thus, it is highly desirable to characterize chiral metasurfaces, especially metallic based metasurfaces, by probing the surface properties like reflection or more sensitively the reflection phase.
The reflection phase of a metasurface can be obtained using standard interference method for single or discrete wavelength(s). However, it is only recently that reflection phase is obtained over a wide range in the optical wavelengths using a simple Fabry Perot (FP) interference technique [44, 45] and a cross-polarization method [46] . The FP method has been applied recently in obtaining the reflection phase, and hence the Zak phase, at the photonic bandgaps [47, 48] as well as in the photonic bands [49] , using an effective medium approach, of 1D photonic crystals for unpolarized incident light in the optical range. The FP technique can be extended to reflection phase of chiral metasurface using circularly polarized incident light.
Here we propose a new approach in the characterization of chiral metasurfaces using circular phasedichroism based on the reflection phase of circularly polarized incident light of different handedness. The circular phase-dichroism is realized in the visible range using planar chiral metasurfaces consisting of hundred nanometer thick complementary Au sawtooth nanoarrays fabricated using simple e-beam direct write and e-beam vapor deposition techniques. The measured circular phase-dichroism is comparable to the conventional CD measurements of transmissions of left-handed (LCP) and right-handed (RCP) circularly polarized incident light. We also perform full-wave simulations for the chiral Au sawtooth metasurfaces and obtain good qualitative agreement with the experiment. Our results demonstrate the potential applications of circular phase-dichroism in sensing and metasurface characterizations.
Reflection phase by Fabry Perot interferometry
We chose a transmission etalon configuration as shown in Figure 1A for our reflection phase measurement using a Fabry Perot interference technique. A glass window is placed above a metasurface sample to form a glassair-metasurface etalon. Circularly polarized incident light (beam 0) from below first passes the metasurface, T E E E E kL where φ G /φ S is the reflection phase of the top-glass/sample from air). The condition for constructive interference of the transmittance (for the peaks) satisfies the following equation:
where k = 2π/λ m with λ m the wavelength of the mth peak interference order and φ G = π. (For destructive interference, i.e. transmission troughs, a π is added to the right-handside of Eq. (1). Furthermore, for non-dispersive media, the condition for constructive interference given by Eq. (1) for the two-beam model agrees with the one obtained by the multi-beam model counting all the reflections inside the glass-air-metasurface etalon, independent of the difference in the overall transmittance for the two models. Moreover, the correction due to dispersion is also small as the FP oscillations also come from the cos(2kL + φ G + φ S ) term in the multi-beam model.) From Eq. (1), the reflection phase for different handedness incident light can be calculated once the air-gap spacing L is obtained from the slope of a linear fit to a plot of m vs.
(1/λ m ) [44, 45] . Finally, the circular phase-dichroism can be obtained as the reflection phase difference, between the LCP and RCP incident light, i.e. Δφ = φ RCP − φ LCP .
Experiment

Fabrication of complementary Au sawtooth nanoarray metasurface
Our planar metasurface consists of complementary Au sawtooth nanoarrays. Figure 1B shows the fabrication procedures, similar to those reported earlier [36, 37] Figure 1C -E, respectively. The insets show the unit cells for the different type of sawtooth nanoarrays. As the sawtooth N/И "atom" breaks the mirror symmetry, the N-/И-type metasurfaces are thus planar (2D) chiral while the V "atom" preserves the mirror symmetry and thus the V-type metasurface is achiral. The Au sawtooth metasurfaces have 450 nm lattice spacing in both horizontal and vertical directions. Note that except the V-type, both the N-and И-type Au sawtooth metasurfaces have half-lattice, i.e. 225 nm, horizontal shift between alternate rows so that each Au sawtooth nanoarray is disconnected from the above and below neighboring sawtooth nanoarrays as shown in Figure 1C and E.
Optical measurement and circular dichroism
We first characterize the chiral complementary Au sawtooth metasurfaces by the conventional CD measurements. We used a simple setup consisting of a polarizer and a super-achromatic quarter waveplate (APSAW-5 from Astropribor) as reported before [36] to generate circularly polarized light covering 480-850 nm visible range. Spectral measurement of transmission for left-circularly (LCP) and right-circularly (RCP) polarized light incident from below, through the ITO glass substrate, with the sample facing upward was performed by an Ocean Optics USB4000 spectrometer connected, using an optical fiber, to an optical microscope with a 5X objective covering a ~100 × 100 μm 2 area. Figure 2A -C show the transmittance of LCP (red curves) and RCP (blue curves) for the N-, Vand И-type complementary Au sawtooth metasurfaces, respectively. The LCP and RCP transmittance are clearly different for the N-and И-type Au sawtooth metasurfaces while they are nearly the same, within the experimental errors, for the V-type Au sawtooth metasurface. Thus the N-and И-type Au sawtooth metasurfaces are chiral while the V-type Au sawtooth metasurface is achiral. Importantly, the transmittance is almost reciprocal for LCP and RCP between the N-and И-type Au sawtooth metasurfaces, demonstrating well the anti-symmetric chiral property of 2D chiral materials [26, 29, 30] and the quality of our samples. In contrast, Figure 2B shows almost identical transmittance for LCP (red curve) and RCP (blue curve) for the V-type Au sawtooth metasurface, as well as the Au film (magenta and green dashed curves), as they are achiral.
We approximate the circular dichroism (CD) by the transmission difference (ΔT = T RCP − T LCP ) as shown in Figure 2D . CD values, as high as ~0.075 at wave number 1.49 μm for the V-type Au sawtooth metasurface, as well as the Au film. The transmittance of LCP incident light is slightly red-shifted with respect to that of RCP incident light for Ntype Au sawtooth metasurface as shown in Figure 2A . It is reversed for the И-type Au sawtooth metasurface as shown in Figure 2C . This could be explained by the different losses of metasurfaces as shown in the simulations below. Figure 1A shows the schematic for the phase measurement setup for the glass-air-sawtooth etalon consisting of a top glass window placed above an Au sawtooth metasurface with an air-gap (L ~ 10 μm) fixed by spacers between the top glass and the sample. We obtained the transmission of the glass-air-sawtooth etalon using the procedures as used for the CD measurements above. Figure 3A shows the transmittance for the glass-air-Au film etalon (green curve) and also the glass-air-sawtooth (V-type) etalon (red curve) showing clearly peaks and troughs as expected from the FP interference. Figure 3B shows a plot of transmission interference order m vs. the corresponding wave number 1/λ m (blue circles) for the glass-air-Au film etalon (green curve) in Figure 3A . The data is well fitted by a linear relation, red line in Figure 3B , despite small systematic deviations due to numerical aperture effect from the microscope objective [45] . The quality of the fit is better displayed in the residual of the fit, less than 1% over the whole range, as shown in the inset. From the fit, we can then obtain the air-gap spacing and the reflection phase of the Au film.
Reflection phase
To obtain the reflection phase of the Au sawtooth metasurfaces, we measure the air-gap spacing of the glassair-sawtooth etalon at various locations across the sample as indicated by the path (white dashed line) shown in the lower-right SEM image inset of Figure 3C by starting from a non-patterned area (Au film), passing over the patterned sawtooth area, and ending at another non-patterned area (Au film again) on the opposite side of the Au sawtooth metasurface. Thus, the air-gap spacing right above the Au sawtooth metasurface can be obtained by interpolating the results of the Au film areas. Figure 3C shows the slope (2L), hence the air-gap spacing, of a glass-air-sawtooth (V-type) etalon, taken at different Au film locations corresponding to those labeled (blue circles) in the lowerright SEM image inset. A straight line (in red) fits the data very well as shown in the inset for the residual of the fit. The pink solid dot in Figure 3C is the interpolated slope (hence the air-gap spacing) for the V-type Au sawtooth metasurface. Knowing the air-gap spacing, the reflection phase (chosen from −1 to 0 after normalized by 2π) can now be calculated using Eq. (1) and the peak/trough wave numbers of the transmittance for the V-type Au sawtooth metasurface shown as red curve in Figure 3A . The result is shown in Figure 3D as pink circles for RCP incident light. The variations of reflection phase with wavelength are related to the resonances of the V-type Au sawtooth metasurface [36] . In contrast, the reflection phase of the Au film (blue circles) is relatively featureless as shown in Figure 3D obtained at the first Au film location indicated by the blue arrow in Figure 3C . Measurements at other Au film locations along the white dashed line in the lowerright SEM inset are the same within the scatters. Note that the reflection phase has not been corrected for numerical aperture effects coming from the microscope objective and the optical fiber [45] as we are interested only in the relative phase of the Au sawtooth metasurface with respect to the Au film or between different incident polarizations, LCP and RCP. Figure 4A -C show the transmittance of LCP (red curves) and RCP (blue curves) incident light for the glassair-sawtooth etalons with the N-, V-and И-type complementary Au sawtooth metasurfaces, respectively. The achiral. In contrast, the N-and И-type complementary Au sawtooth metasurfaces, Figure 5A and C, show almost opposite results for LCP and RCP incident light, also in good analogy to those of the CD measurements shown in Figure 2A and C. The chirality of the metasurface can now be expressed in terms of the circular phase-dichroism defined above as Δφ = φ RCP − φ LCP . Figure 5D shows the results of the circular phase-dichroism for the complementary Au sawtooth metasurfaces. The circular phasedichroism is almost opposite for the N-(blue circles) and И-type (red circles) complementary Au sawtooth metasurfaces, in good correspondence with the CD measurements. Note also, that the values can be as high as ~0.08 at 1.4 μm , comparable to the CD measurements shown in Figure 2D . However, it is nearly zero, within the noise, for the achiral V-type complementary Au sawtooth metasurface, green circles in Figure 5D , in perfect agreement with the CD measurement in Figure 2D for the V-type Au sawtooth metasurface. The above results demonstrate well that our approach of using circular phase-dichroism is as good as the conventional CD measurement in the characterization of chiral materials. Note that the chiral phase-dichroism in Figure 5D resembles the CD in Figure 2D very much and thus it would be interesting to explore their correlations.
Model of complementary Au sawtooth nanoarray metasurface
Full-wave simulation
In order to support our approach in characterizing chiral materials using the circular phase-dichroism we perform full-wave simulations for our glass-air-metasurface etalon system. We use a finite-integration-technique simulator from CST Microwave Studio to model the complementary Au sawtooth nanoarray metasurfaces with unit cells, insets in Figure 2E -G, constructed to resemble those shown in Figure 1C -E for the experiments as closely as possible using the software of the simulator. The transmittance of the Au sawtooth metasurface is calculated using normal incidence circularly polarized light. We use periodic boundary conditions and the extracted dispersion for Au film reported in Refs. [50, 51] , with larger imaginary part to accord for higher losses, for our simulations. Standard dispersions for ITO [51] , glass [52] , and PMMA [53] are used in the simulations. To reduce artifacts due to finite mesh and interpolation of dispersion parameters used in the simulations, we smooth the results over a range of ~0.04 μm −1 in wave number. Small variations of the physical parameters, e.g. the PMMA thickness, the widths and the turns of the Au sawtooth metasurfaces, do not change the results much. Figure 2E -G show the simulated transmittance, red curves for LCP and blue curves for RCP incident light, for the N-, V-and И-type complementary Au sawtooth metasurfaces, respectively. It is clear that the transmittance is different for the LCP and RCP incidence for the N-and И-type chiral Au sawtooth metasurfaces while it is the same for the achiral V-type Au sawtooth metasurface. Moreover, the simulations reproduce similar transmittance shifts of LCP with respect to that of RCP incident light for the N-and И-type Au sawtooth metasurfaces as observed in the experiment, Figure 2A and C. Also displayed in Figure  2E -G are the absorptions, red (LCP incidence) and blue (RCP incidence) dashed curves, obtained by A = 1 − R(ref lectance) − T(transmittance) for the complementary Au sawtooth metasurfaces. Overall, the absorptions show opposite trends as the transmittance for the chiral N-and И-type Au sawtooth metasurfaces while they are the same for the achiral V-type Au sawtooth. Since absorption is related to the dissipation resulted from the current flow on the metal surfaces due to resonances of the Au sawtooth metasurface, thus the larger the current flow the higher the absorption. As the N-and И-type Au sawtooth metasurfaces are chiral, the strength of the resonances will then depend on the handedness of the incident light. Take the minimum CD at wave number ~1.56 μm −1 for the N-type Au sawtooth metasurface as an example. The simulation shows that overall, the strength of the resonances for RCP incidence is larger than that of LCP for wave numbers below ~1.6 μm −1 , resulting in higher absorption for RCP (blue dashed curve) than LCP (red dashed curve) as shown in Figure 2E . Furthermore, as there is a dip in the absorption for LCP incidence at ~1.54 μm −1 , the LCP transmittance reaches a maximum at ~1.55 μm −1 while the RCP transmittance is more the less flat in this wave number range as shown in Figure 2E . The combined effects lead to a minimum CD at ~1.56 μm −1 as shown in Figure 2H for the N-type Au sawtooth metasurface. The above scenario is reversed for the И-type Au sawtooth metasurface, Figure 2G and H. Importantly, the simulations reproduce the characteristic features as observed in the experiment for wave numbers between 1.2 μm −1 and ~1.6 μm −1 despite a shift in the wave number, e.g. the transmittance crossings (T LCP = T RCP ) at ~1.3 μm −1 and ~1.55 μm −1 observed in the experiment are now at ~1.45 μm −1 and ~1.6 μm −1 respectively, for the simulations. These shifts are possibly due to the uncertainties in the dispersions, the physical parameters and also the effect of the ITO substrate glass. Moreover, there is discrepancy at wave numbers > 1.6 μm −1 where the transmittance crossing at 1.63 μm −1 observed in the experiment, Figure 2A and C, cannot be reproduced in the simulations. This discrepancy could be due to larger uncertainties of the dispersions at short wave lengths. Figure 2H shows the circular dichroism (transmission difference) of the simulated results showing very similar behavior as the experiment, except the CD troughs/peaks at ~1.35 μm −1 and 1.48 μm −1 observed in the experiment for the N-/И-type chiral Au sawtooth metasurface are now merged together as a broad trough/peak from ~1.48 μm −1 to ~1.56 μm −1 in the simulation. Overall, the model captures the prominent features and agrees qualitatively with the experiment. Better agreement could be obtained by importing directly, the SEM images of the unit cells as shown in the insets of Figure 1C -E to the CST simulator, or by fine tuning the physical parameters used in the simulations, and/or averaging over many simulations using slightly different parameters to account for the variations in the Au sawtooth nanoarrays.
Transmittance and circular dichroism
Reflection phase
The glass-air-sawtooth system shown in Figure 1A is too large for the CST simulator as it covers nano-scale of the Au film up to millimeter-scale of the air gap and top glass. Thus we first obtain the reflection and transmission coefficients for the Au film ( Figure 1A to calculate the transmittance of the glass-air-sawtooth etalon. As the N-and И-type Au sawtooth metasurfaces are chiral, for any circularly polarized incident light there will be co-polarization (t ++ and t −− ) as well as cross-polarization (t +− and t −+ ) reflected/transmitted components due to polarization conversion of the chiral Au sawtooth metasurface. For RCP incident (beam 0) with unity amplitude E 0,+ , the amplitudes for the transmitted and reflected beams (1 and 2) can be written as: 
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Here φ RCP S can be interpreted as the effective reflection phase for RCP incident light as measured in the experiment using a two-beam interference model. Similarly for LCP incidence with unity amplitude E 0,− , the transmittance of the glass-air-sawtooth etalon T LCP and the phase φ LCP S can be obtained by changing the subscript indexes of t ij and r ij to opposite handedness, i.e. from + to -and vice versa, in Eqs. (3) (4) (5) . Figure 4D -F show the transmittance for LCP (red curves) and RCP (blue curves) incident light of the glassair-sawtooth etalon calculated using Eq. (3) with reflection coefficient of the top glass r G = 0.2 for the N-, V-and И-type complementary Au sawtooth metasurfaces respectively. The overall trends agree well with the simulated transmittance without the top glass shown in Figure 2E -G, and resemble well the results with the FP oscillations obtained in the experiment as shown in Figure 4A -C. However, in order to improve the accuracy in locating the peaks and troughs of the transmittance, we repeat the calculations using unphysical value for r G = 1 (purple curves in insets of Figure 4D -F for RCP incident light) knowing that the positions of the peaks and troughs do not change as they are not sensitive to the amplitudes of the interference beams as indicated in the insets. We then obtain the reflection phase of the sawtooth metasurface by the same method used for the experiment above with the peaks/troughs of the transmittance obtained for r G = 1. Figure 5E The reflection phase can also be calculated directly using Eq. (5) in the above and the results are shown as solid curves in Figure 5E -G for the N-, V-and И-type Au sawtooth metasurfaces respectively. The agreement with those obtained by fitting the peaks/troughs is very good, with the calculated results much smoother. This confirms our fitting method in finding the reflection phase from the FP peaks/troughs for the experiment. The reflection circular phase-dichroism, Δφ = φ RCP − φ LCP , is shown in Figure  5H for the chiral N-and И-type Au sawtooth metasurfaces as well as the achiral V-type Au sawtooth metasurface. Despite larger values (~4 times the experimental results in Figure 5D ) and also the zero circular phase-dichroism (crossings) at 1.57 μm −1 and 1.62 μm −1 observed only in the simulations but not in the experiments, the simulated circular phase-dichroisms are in qualitative agreement with the experiment. In particular, the maximum circular phase-dichroisms at ~1.39 μm −1 and ~1.61 μm −1 observed in the experiments correspond well to those at ~1.48 μm −1 and ~1.65 μm −1 in the simulations. Note also, that the simulated circular phase-dichroism results for the chiral N-and И-type Au sawtooth metasurfaces shown in Figure 5H are larger, ~4 times, than those obtained by the simulated CD results shown in Figure 2H , supporting strongly that circular phase-dichroism could be more sensitive than the conventional CD measurement for the characterization of chiral materials.
Note that the reflection phase of the sawtooth metasurface obtained using Eqs. (3) (4) (5) includes all transmitted polarizations. Due to the limitation of our present setup, this is exactly what was done in the experiment where both co-polarization and cross-polarization transmitted components were collected by the microscopic objective. It would be highly desirable to obtain separately, the reflection phases of both polarizations for any incident polarization in a reflection mode instead of the transmission mode used in our experiment as it could lead to better characterization of the Au sawtooth metasurfaces using the circular phase-dichroism approach and is planned for future experiments.
Conclusion
We propose a circular phase-dichroism approach using the reflection phase in the characterization of chiral materials. To demonstrate our approach we have fabricated planar complementary chiral Au sawtooth nanoarray metasurfaces and obtained circular phase-dichroism results that are comparable to the conventional CD measurements. We have also performed full-wave simulations of our chiral metasurface system and obtained good qualitative agreement with the experimental results. Importantly, our approach of using the reflection for the circular phase-dichroism provides a workable solution for the characterization of chiral metasurfaces when the transmission signal is too small for the conventional CD measurements. Our results demonstrate well, the potential of the circular phase-dichroism in sensing and metasurface characterizations.
